The projection of forest growth is important for forest management, to plan the subsequent cutting cycles and to show the tendencies that the forest will present in the future. This study evaluated the use of a stochastic model -the Markov Chain -in the projection of the future diametric distribution and carbon stock of a forest subjected to experimental selective logging in Manaus / AM. The data used were obtained from an experiment conducted since the 1980s by the Instituto Nacional de Pesquisas da Amazônia (Inpa). The forest inventories were conducted in the years 2005, 2007, 2009 and 2010. The main variable used was the diameter at breast height (DBH). The Markov Chain was used to project the diameter distribution and the carbon stock for 2015. With respect to the stock of carbon expected, this should exceed the existing stock in 2010, reaching about 157 t/ha. With these results it is possible to conclude that, if the dynamics projection will be confirmed, the studied forest will continue growing and increasing its carbon stock, thus acting as a CO 2 sink. Keywords: Markov Chain; forest dynamics; forest management; climate change.
INTRODUCTION
The study of tropical forest dynamics in the Amazon region, both in managed or natural forests, is a challenge, mainly because of its great heterogeneity. It is known that the accurate determination of the forest growth has great importance for the forest managers, and that basal area and volume of a forest stand can be easily calculated starting from the number of trees in each diameter class. The increase of these parameters can be estimated through the changes in the frequency of the individuals, which results in the change in the number of trees shifting from one diameter class to another, and through the recruitment and mortality rates (SANQUETTA et al. 1996; SANQUETTA et al., 1999) .
The classic models of forest production were developed for temperate climate regions, where the most used variables are the site index and the age of the stand, variables that are practically unavailable in the Amazon forest, limiting the development of production models for this region (SANQUETTA et al., 1996; TEIXEIRA et al., 2007) . According to Higuchi et al. (1997) , about one million hectares of timber production stands are yearly undergoing some type of sustainable revenue forest management in the Amazon region. Without a production model, there is no possibility to plan the consecutive cutting cycles. One solution would then be the use of short period models, depending only on the previous situation, with the possibility of projection just for an immediately subsequent situation (BRUNER; MOSER JUNIOR, 1973; HIGUCHI et al., 1997) .
Among the production models, transition matrixes are used in the projection and development of unevenly aged stands. Vanclay (1994) considered that the transition matrix may also be named Markov chain, Usher matrix and other generalizations, as being a logic extension of the population matrix projection method and, just like this one, it assumes that a tree encountered in a determined diameter class has the probability to migrate to another diameter class depending only on the current status. Along a period of time, a tree will remain in the same diameter class but, as it keeps developing, may migrate to other diameter classes and after reaching senescence, will eventually die. The migration between classes (recruiting, diameter class, mortality and harvesting) occurs according to a certain level of probability (TEIXEIRA et al., 2007; VASCONCELOS et al., 2009) . Vasconcelos et al. (2009) affirm that, in general, trees have greater probability to maintain their diameter class mainly when short periods of time of about two years are considered,
In the field of forest management, transition matrix was first used by Usher (1966) in a Pinus sylvestris L. stand in Scotland, considering the diameter classes. Among the models based on transition matrixes, the Markov chain was used by various researchers for projections of unevenly aged stands, like Buongiorno and Mitchie (1980) ; Mitchie and Buongiorno (1984) ; Solomon et al. (1986) ; Azevedo et al. (1995) , and others.
If the stochastic model has a finite number of states, it satisfies the markov property, or memoryless property. In other words the transition probability depends on a situation that is immediately previous to the current one and allows projections for an immediately subsequent situation (SOARES et al., 2009; VASCONCELOS et al., 2009) . In this context, the diametric structure of a forest can be studied through the Markov chain, provided that the forest has a slow growth rate and the projection is made for short periods of time (SOARES et al., 2009) .
Projections made with the Markov chain may be very helpful for the forest management, because they assist in the determination of the cutting cycle and allow to evaluate the tendencies that a forest will present in the next future (TEIXEIRA et al., 2007; VASCONCELOS et al., 2009) , including for what is referred to the stock and dynamics of biomass and to the carbon stock. It is known that tropical forests may act as reserve or source of carbon for the atmosphere. There are various studies considering the tropical forests as carbon sinks, in other words they remove from the atmosphere more carbon than they emit (BOLIN et al., 2000; NABUURS; SCHELHAAS, 2002; CLARK, 2004; HIGUCHI et al., 2004; WOODBURY et al., 2007; HIGA et al., 2012) . Trees act as carbon sink since they fix carbon during the photosynthesis process and stock the excess as biomass. On the other hand, human interaction in the forests (management) may have influence on the carbon dynamics, because of factors like the use of fossil fuels or logging and extraction of biomass. Meanwhile, in general, increasing the number of trees may potentially reduce carbon accumulation in the atmosphere (NOWAK; CRANE, 2002). According to Higuchi et al. (2009) , the estimated carbon stock of the Brazilian Amazon forest is between 60 and 80 billion tons.
The aim of this study was to project the diametric distribution and the future carbon stock, using the Markov chain, in an experimentally managed tropical forest of the Central Amazon.
MATERIAL AND METHODS
The study was conducted using data originated by forest inventories made in an experiment located in the Estação Experimental de Silvicultura Tropical, belonging to the Instituto Nacional de Pesquisas da Amazônia (Inpa) covering an area of 96 hectares, which had the objective to test the possibilities to manage a tropical rainforest submitted to a natural regeneration system and to determine cutting cycles, together with the projections of production per species (HIGUCHI et al., 1985) .
The forest area classification is terra firme tropical rainforest, typical of the Central Amazon (HIGUCHI et al., 1997) . The forest coverage is dense, rarely with uniform superior stratum, being many times modified by patches of open forest, where the herbaceous and shrubby vegetation stratums are composed by natural regeneration of the tree species, small size palm trees and non-vascular plants (Radar da Amazônia -RADAM, 1978) .
According to the Köppen classification, the climate of the region is "Amw" type, hot and humid during the whole year, with high temperature, rainfall and relative humidity. The mean annual temperature is 26.7 o C and the mean annual relative humidity is 83% (Instituto Nacional de Meteorologia -INMET, 1992 ). The annual rainfall reaches 2,500 mm, being mostly concentrated between December and May.
The most representative soil of the region is the yellow alic latosol, which covers the surface of plateaus, with the presence of a porous horizon in the middle, situated between two low porosity horizons. Soil if formed by tertiary sediments of the Barreiras Group, which are constituted by resistant minerals, like kaolinite, quartz, iron and aluminum oxide or hydroxide (CHAUVEL, 1982) .
The experimental design was in randomized blocks, the surface of each block was 24 ha (400 x 600 m). Each block contained six treatments, each treatment with a surface of 4 ha (200 x 200 m), corresponding to the different logging levels applied in 1987 (basal reduction rates of 0%, 25%, 50% and 75%). The permanent stands, each with a surface of 1 ha (100 x 100 m), were installed in the center of the treatment areas, in other words each treatment had a 100 m wide buffer zone, which eliminates possible edge effects. All trees with DBH greater than or equal to 10 cm were measured. Forest inventories were performed in the years 2005, 2007, 2009 and 2010. With data of the diameter at breast height (DBH) obtained in the performed inventories, it was possible to make a projection of the forest population dynamics using the Markov Chain. In the first data collection made in 2005, all individuals with DBH greater than 10 cm found in the stands were measured. In the second data collection, which took place in 2007, again were measured all the individuals registered in the first inventory (thus evaluating the diametric growth, which allowed or not the migration to another diameter class). Furthermore, also the individuals that reached a DBH of 10 cm were measured and registered (recruiting), and were also identified all the registered individuals that had died of natural causes in the period between 2005 and 2007 (mortality) .
Basing on the measures made in 2005 and 2007, projections for 2009 were produced, with the aim to compare these projections with the field measurements done that same year. The transition matrix with migration probabilities per diameter class was built, with the probability of a tree in the first diameter class to remain in the same class after the two years interval, or to grow, towards the next class. This way, the projection of the frequency for 2009 per each diameter class was possible (considering the two year time interval). Finally, basing on the measurements made in 2005 and 2010, the projection for 2015 was defined, considering that the Markov chain proved to be a good model to make the projection for the dynamics of the studied forest.
Trees of the forest stand were divided into ten diameter classes. During the growing period considered in this study, two years (θ, theta), trees of a given diameter class I could remain in the same class, migrate to a greater class or also die along the two years considered in the analysis.
The matrix notation of the number of surviving trees, in each diameter class, is made as follows:
To accompany growth and mortality of the trees, are to be considered: a i = probability that a tree that is alive and into a diameter class i, in the time t, remains alive and in the same diameter class i, at the time t + 1. b i = probability that a tree that is alive in a diameter class i -1, in the time t, remains alive and in the diameter class i, at the time t + 1. m i = probability that a tree that is alive in a diameter class i, at the time t, is found dead at the time t + 1. m i = 1-a i -b i+1 , for i = 1, ….. n -1 m n = 1 -n a (last class) Situation of the stand at the time t + 1 is determined by the situation at the time t and by the class recruitment happened along the two year time interval, adopting the following equations: The model was used to project the dynamics of the stand, basing on the migration probabilities. The observed and estimated frequencies were compared through the Chi-squared test.
To determine the biomass and carbon rates, equations proposed by were used. where: PF abg = fresh biomass above the ground level; P tot = total fresh biomass (above ground level + big roots); PS abg = dry biomass above the ground level; PS tot = total dry biomass; C abg = carbon reserves in vegetation above the ground level; C tot = total carbon reserves (above the ground level + big roots). Table 1 shows the matrix containing the frequency by diameter class between the years 2005 and 2007, showing the number of trees that remained in the same diameter class, the ones that migrated to a greater class and the ones that died. 1280  1389  35  60  548  608  45  21  248  269  55  12  85  97  65  8  41  49  75  1  17  18  85  8  8  95  3  3  ≥ 100  3  3  M  142  44  16  6  6  1  0  0  0  0  215  2007  4009  1384  585  266  99  43  17  8  3  3 Projected values for the year 2007 were then obtained, for each diameter class ( Table 2 ). The estimated values were summed to the recruitments occurred in the same period. In this case there were 210 recruitments in the first class and no recruitments in the other diameter classes. These values were compared with the actual values measured during the inventory performed in the same year, through the Chi-squared test (χ 2 ). Since the calculated value for χ 2 (3.57) was smaller than the tabulated values (16.919 at 5% level of probability and 14.684 at 1% level of probability), it is possible to conclude that there is no significant difference between the observed values and the projected values for the year 2007.
RESULTS AND DISCUSSIONS
The probability matrix for year 2009 is shown in Table 3 . This is to say that the probability for a tree in the first diameter class to remain in the same class after the two years interval (from 2007 to 2009) is 87%, and so on. Table 3 shows the transition probability matrix by diameter class for the year 2009. This is to say that the probability for a tree in the first diameter class to remain in the same class after the two years interval (between 2007 and 2009) , is 87%, the probability for a tree in the first diameter class to migrate to the second class is 5%, and so on. The projected values for 2009 were obtained and summed to the recruitments that occurred within this time interval, which were 186 individuals between 2007 and 2009, exclusively in the first diameter class. Through the Chi-squared test (χ 2 ), the projected and observed frequency were compared. Since the calculated value for χ 2 (7.19) was smaller than the tabulated values (16.919 at 5% of probability and 14.684 at 1% of probability), it was concluded that there was no significant difference between the values observed in field and the calculated values for the year 2009, thus validating the projection of the dynamics with the Markov chain for the assessed forest area.
The projection of the diametric distribution with the Markov chain have already been studied by various researchers. Sanquetta et al. (1996) used transition matrixes to evaluate a natural forest in Japan, in the years 1984 and 1987. These authors made projections referred to the basal area and the total number of trees in the stand, concluding that these two parameters came back to the initial conditions 12 years after logging. Teixeira et al. (2007) assessed the dynamic of a natural unlogged forest in the Manaus/AM region and projected the forest dynamics using the Markov chain, using data from two forest inventories performed in that area in the years 2000 and 2004. To confirm the possibility to use the Markov probabilistic transition chain, the diametric distribution of the forest was used as main variable. A projection of the diametric distribution for the year 2008 was defined, and the Chi-squared test showed that there was no significant difference between the projected and observed frequencies of the distribution of trees in each diameter class for that year. Vasconcelos et al. (2009) , studying a selectively logged forest in the Acre state, also used the transition probability matrix to define a projection of the diametric distribution. Data from forest inventories performed in 1997, 1999 and 2001 
Projection for the year 2015
In table 4 is shown the initial matrix of transition probability by diameter class. Through this matrix it is possible to predict that the probability of a tree in the first diameter class to remain in the same class after the five years interval is 83% and the probability of a tree in the first diameter class to migrate to the second is 6%, and so on. The projected values for the year 2010 were obtained, for each diameter class, and summed to the recruitments occurred in this period. In this case there were 493 recruitments, all in the first diameter class. These values were compared, through the Chi-squared test (χ 2 ), with the actual values measured during the inventory of 2010. Since the calculated value of χ 2 (14.33) was smaller than the tabulated values (16.919 at 5% of probability and 14.684 at 1% of probability), it is possible to conclude that there is no significant difference between the calculated and measured values for the year 2010 (Table 5) . Since it was proven that it is safe to make projections using the Markov Chain in the studied forest area, the study moved on to obtain the projected values for the year 2015. Recruitments occurred along this interval of time (493 individuals), all of them in the first diameter class, were summed to the calculated values. Projected values for the year 2015, by diameter class, are shown in Table 6 . Basing on the projected frequencies for the year 2015 it was then possible to estimate the expected carbon stock of the forest for that year. Comparing with the measured stocks of the location it is possible to conclude that, if the dynamics of the projection will be confirmed, the forest will maintain its ascending curve and will go on with the carbon sequestration in the next years, increasing its stock to approximately157 t ha -1 . In Table 7 Analyzing data of Table 7 , it is possible to conclude that the stock of the unlogged forest presented an increase of 6.1 t.ha .year -1 in the five years assessment period. This result is similar to the studies performed by Higuchi et al. (2004) , who studying a primary forest in the region of Manaus/AM, concluded that the forest performs carbon sequestration with a rate of 1.2 t ha -1 year -1 , mainly due to the individual growth of trees existing in the system, compensating the losses due to the natural mortality. The reduction of stocked carbon between the years 2007 and 2010, in the 25% and 75% basal area reduction treatments, are due to the greater mortality rates that were observed in these two treatments.
CONCLUSIONS
 The Markov Chain confirmed to be a valid instrument to project the diametric distribution of the studied forest. With relation to the future carbon stock it is possible to conclude that this will keep growing, at least until 2015, so that the forest keeps working as a carbon sink and thus contributes to minimize the effects of the global climate changes.
